Background The purpose of this prospective, randomised, multicentre study was to prove the efficacy and safety of mycophenolate mofetil (MMF) in preventing graft rejection and in improving clear graft survival following high-risk keratoplasty. Methods In all, 98 of 140 scheduled patients were included in this study (57 MMF, 41 control). Recruitment was stopped prematurely due to a statistically significant result. The patients in the MMF group received MMF orally 2 Â 1 g daily for 6 months. All of the patients received fluocortolone 1 mg/kg/day tapered over 3 weeks and topical prednisolone acetate 5 Â /day tapered over 5 months. Main criteria were immune reaction-free and clear graft survival, and the occurrence of side effects. Results The mean follow-up time was 34.9 ± 16.3 (mean ± SD) months. Eleven patients withdrew from the study (nine patients due to protocol deviation, two because of side effects). Six reversible and two irreversible graft rejections occurred in the MMF group, and five reversible and seven irreversible rejections in the control group. The Kaplan-Meier analysis revealed an immune reaction-free graft survival after the mean follow-up time of 83% in the MMF group and 64.5% in the control group (P ¼ 0.044). Graft failure occurred in 10 MMFtreated patients (two due to rejection) and in nine patients in the control group (seven due to rejection). A total of 36 of 57 MMF-treated
Introduction
Immunological graft rejection following corneal transplantation is the major threat to clear graft survival, especially in penetrating high-risk keratoplasty. [1] [2] [3] Systemic immunosuppression with cyclosporin A (CSA), mycophenolate mofetil (MMF), or rapamycin following penetrating high-risk keratoplasty improved corneal graft prognosis considerably in some prospective and retrospective monocentre studies. [4] [5] [6] [7] Nevertheless, postoperative systemic immunosuppression is still not routinely administered in penetrating high-risk keratoplasty, in contrast to solid organ transplantation. To date, there is no immunosuppressive drug approved for postoperative prophylaxis of corneal transplantation. This is the first prospective, randomised, multicentre study with the purpose of proving the efficacy of systemic immunosuppression with MMF following high-risk keratoplasty. Results are compared with a control group without mid-term systemic immunosuppression. Preliminary short-term results from this study before patient recruitment completion have already been published. 8 We now present the final results from this study with long-term follow-up. MMF (CellCept s , Roche Pharma AG, Grenzach-Wyhlen, Germany) is the bioavailabilityenhanced prodrug of the active substance mycophenolic acid (MPA). MPA inhibits the de novo synthesis of guanosine nucleotides by reversibly inhibiting inosine monophosphate dehydrogenase. [9] [10] [11] This leads to selective inhibition of T-and B-lymphocyte proliferation, as they are dependent on de novo purine synthesis. 9 Other tissues are not, or are less influenced by MPA due to their ability to use the alternative salvage pathway of purine synthesis. In kidney transplantation, MMF is approved at a fixed dose of 2 Â 1000 mg per day in combination with CSA and steroids. 12 Means of further improving the efficacy of MMF with therapeutic drug monitoring are under investigation. Typical side effects of MPA are infections, leucopaenia, anaemia, and gastrointestinal disturbances possibly due to MPA's mechanism of action. 13 MMF has been shown to be efficient and safe after kidney, heart, and liver transplantation, [12] [13] [14] [15] [16] [17] [18] and its potency has been proven in preventing corneal allograft rejection in the rat keratoplasty model. 19, 20 MMF has been widely used in organ transplantation for over 10 years.
Materials and methods
The study registration number is NCT00411515.
Patient selection, treatment, and follow-up
A total of nine centres participated in this study. The trial started in June 2000 and the last follow-up examination was performed in August 2006.
A total of 98 of 140 scheduled patients were included in this study. Fifty-seven patients were randomised to receive MMF and 41 patients to undergo no mid-term systemic immunosuppression. Randomisation was performed by drawing a lot. Study recruitment was stopped prematurely due to a statistically significant result from the scheduled interim evaluation.
All patients gave written informed consent, once the approval from the local ethics committees of all participating centres had been obtained.
We defined high-risk keratoplasty as repeat keratoplasty, graft position close to the limbus, presence of three or four quadrants with deep vascularisation, transplantation of a highly immunogenic graft (eg, central limbokeratoplasty 21 ), severe atopic dermatitis, and steroid-response glaucoma. 3, 6, 22, 23 Patient data and the frequencies of the indications in this study are listed in Table 1 .
Exclusion criteria were herpetic keratitis or other infectious corneal diseases because of the difficulties in differentiating an intraocular herpes recurrence from an immune reaction, and the risk of triggering an immune reaction due to a herpes recurrence. A complete medical history was taken and physical and laboratory examinations performed for each patient. History of acute or chronic systemic infections, peptic ulcer disease, malignant disorders, inadequate contraceptive measures, pregnancy, or age under 18 years were exclusion criteria for systemic immunosuppression with MMF.
Patients received grafts (preserved in organ culture) having an endothelial cell density of at least 2000 cells/mm 2 . The HLA types of donor and recipient were known at HLA loci A, B, and DR for 23 patients (Table 2) . HLA typing was carried out using serological tests for class I and polymerase chain reaction for class II.
Penetrating keratoplasty was performed with a double-running diagonal suture with 2 Â 8 crossstitches. 24 Cataract surgery was performed simultaneously in six patients in the MMF group and in two patients in the control group.
The first and the second sutures were not removed until the 4th and the 18th months, respectively, after keratoplasty. Sutures were removed using topical anaesthesia with proxymetacaine eye drops.
Group 1 patients received MMF (CellCept s , Roche Pharma AG, Grenzach-Wyhlen, Germany) at a fixed dosage (2 Â 1000 mg daily) for 6 months postoperatively. Thereafter, they took 2 Â 500 mg MMF daily for 2 weeks. Blood level monitoring of MMF was not performed. Group 2 patients underwent no mid-term systemic immunosuppression. All patients (groups 1 and 2) received systemic and topical corticosteroids (except the one patient with steroid-response glaucoma): fluocortolone (Ultralan s , Schering Health, Germany) at 1 mg/kg body weight per day, tapered over 3 weeks, and prednisolone acetate 1% eye drops (Inflanefran forte s , Pharm-Allergan, Germany) at five times a day, tapered over 5 months.
Postoperative examination was performed after 6 weeks, 3, 6, 9, 12, 18, and 24 months, and then yearly, including visual acuity, slit-lamp examination, specular microscopy of the graft endothelium, determination of intraocular pressure, and fundus examination. Adverse events and possible systemic side effects were monitored (in cooperation with each patient's general practitioner) by means of a standard list of questions.
Main criteria regarding efficacy were the occurrence of immune reactions and clear graft survival. Immune reactions were diagnosed by the presence of endothelial precipitates with or without stromal oedema (endothelial immune reaction) or by the presence of non-infectious subepithelial stromal infiltration (stromal immune reaction). 2, 25, 26 Patients with immune reactions were treated with prednisolone acetate 1% eye drops hourly, and, in severe cases, with fluocortolone 1 mg/kg body weight per day, tapered over 3 weeks.
Grafts were defined as clear when no opacity was detectable in the central 3-mm zone.
Statistical analysis
ANOVA was used to compare the metric data of the treatment groups (patient age, follow-up, donor age, postmortem time, preoperative graft endothelial cell density, and organ culture period), and the w 2 -test was used regarding gender, classification of risk Eye keratoplasties, graft diameter, and HLA data. Clear graft survival and rejection-free interval were estimated using the Kaplan-Meier method. 27 Statistical significance was determined using the log-rank test. A P-value below 0.05 was considered to indicate statistical significance.
All statistical evaluation was carried out using SPSS 12.0 (SPSS Inc., Chicago, IL, USA).
Results

Demography
In all, 98 of 140 scheduled patients were included in the study. Fifty-seven were randomised into the MMF group and 41 into the control group. Study recruitment was stopped prematurely due to a statistically significant result from the interim evaluation once 2/3 of the patients had been recruited.
Eleven patients withdrew from the study (seven patients in the MMF group, four in the control group, nine due to protocol deviation, two due to MMF side effects, Table 1 ). Thus, 87 patients were ultimately considered in the evaluation of efficacy (per-protocol analysis). All MMF-treated patients were included in the safety evaluation. Duration of follow-up was 34.9±16.3 months (mean±SD).
No statistically significant differences appeared between the two patient groups in terms of gender, patient age, follow-up time, indication for surgery (for the above mentioned categories), donor age, postmortem time, preoperative graft endothelial cell density, organ culture period, graft-diameter, and HLA matching (Tables 1 and 2) .
A statistically significant difference was found between those diagnoses, which had led to graft failure in the repeat keratoplasty subgroup. Twelve patients in the MMF group and only one in the control group suffered graft failure due to rejection. Seven patients in the MMF group and none in the control group had graft failure due to glaucoma (Table 1) .
There was no statistically significant difference in the number of grafts per patient between groups ( Table 1) . The majority of patients had first repeat keratoplasty and a second graft, respectively. Five patients in the MMF group and only one in the control group had a third graft. One of the MMF group patients had a fourth graft.
Efficacy
In all, 20 of 87 patients experienced immune reactionsF8 of the 50 MMF-treated patients and 12 of the 37 control group patients (Table 3 ). The immune reactions of the MMF group were mostly reversible; 7 of 12 graft rejections of the control group were not. Three of the control group patients had two episodes of graft rejection, leading to the graft failure in two of them.
Rejection-free graft survival is illustrated by a Kaplan-Meier survival plot in Figure 1 . Percentage of grafts without immune reaction after the mean follow-up time was estimated as 83% in the MMF group and 64.5% in the control group (log-rank test; P ¼ 0.044). All of the graft rejections in the MMF group occurred after cessation of the systemic immunosuppression, in contrast to five of the control group immune reactions, which were observed during the first 6 months.
No statistically significant difference appeared regarding graft failure (10 of 50 MMF-treated patients Table 3 ). However, the percentage of graft failures due to rejection was considerably higher in the control group.
Although our study design was not intention-to-treat mode, we calculated the rejection-free graft survival by means of Kaplan-Meier survival plot for all 98 patients (Figure 2 ). This calculation shows a similar result with a P-value of 0.035.
Safety
A total of 36 of 57 MMF-treated patients experienced adverse events or possible systemic side effects (Table 4) . Systemic immunosuppression was continued in all patients with infections and in both tumour patients. Infections were successfully treated with antibiotics. One patient suffered from prostate gland and bladder carcinoma, detected 5 months after starting systemic immunosuppression. He underwent surgery. The second patient with a malignant tumour had prostate cancer, detected 3 months after starting treatment with MMF. That patient underwent radiation and chemotherapy.
The MMF dosage had to be reduced due to raised liver enzymes in two patients. Neither experienced any graft complications.
In two patients, systemic immunosuppression was stopped due to side effects: one suffered from gastrointestinal disturbances; the other from asthma, pruritus, and fatigue (Table 4) .
Not all of the symptoms and diseases presented in Table 4 are likely to be side effects of systemic immunosuppression with MMF. The typical side effects of MMF are infections, leucopaenia, anaemia, and gastrointestinal disturbances.
The control group's adverse events are also presented in Table 4 .
Discussion
The percentage of corneal grafts not revealing an immune reaction following uncomplicated corneal transplantation is over 90% in some low-risk groups, even without HLA matching or systemic immunosuppression. 28, 29 In spite of this extraordinary success, the rejection rate in high-risk situations, such as repeat keratoplasty, vascularised host cornea, or graft position close to the limbus resembles that in solid organ transplantation, 1, 30 which is why there have been several studies dealing with systemic immunosuppression following high-risk keratoplasty. 1, 4, 5, [31] [32] [33] Yet no prospective, randomised study until now has shown that mid-term systemic immunosuppression actually does prolong rejection-free corneal graft survival in high-risk situations in comparison with a control group without mid-term immunoprophylaxis.
To our knowledge, this is the first prospective, randomised, multicentre study proving the efficacy of systemic immunosuppression with MMF following highrisk keratoplasty.
Only CSA and MMF are currently used routinely in some eye hospitals following high-risk keratoplasty; CSA since the mid-1980s and MMF since 1997. 30, 31, 34 According to our clinical experience, we believed that MMF shows a similar or even superior efficacy in preventing graft rejections, and fewer side effects, than CSA, which is why we carried out this study with MMF. This assumption was nearly confirmed in a retrospective monocentre study. 4 As corneal transplantation is not a life-saving procedure, long-term systemic immunosuppression is unjustifiable due to the side effects and risk of developing malignancies. The 6.5-month duration of systemic immunosuppression in this study is quite similar to that in earlier studies. 6, 7, 32 Because of our patient selection, these study results only apply to keratoplasties at a moderately elevated risk of rejection.
We observed no statistically significant differences between the two patient groups in this study in demographic factors, such as gender, patient age, length of follow-up, and so on. Thirteen patients underwent repeat keratoplasty for immunologic graft failure. Twelve of them were in the MMF group and only one in the control group. This is a statistically significant difference (Table 1) . We know that repeat keratoplasty following graft failure due to rejection has a higher rejection risk than other repeat keratoplasties. This indicates that the MMF group's rejection risk may have been a priori higher than in the control group, despite randomisation. This imbalance, however, may have introduced a bias towards the control group, and therefore does not compromise the efficacy of MMF.
The same is true for the number of repeat grafts per patient: five MMF group patients and only one control group patient underwent a third graft, and only one MMF group patient had a fourth graft. Although this difference is not statistically significant, the MMF group's rejection risk can be considered higher, as we know that the rejection risk increases with the number of regrafts.
Systemic immunosuppression with MMF showed statistically significant efficacy in reducing immune reactions. As long as MMF was administered, no graft rejection occurred. This finding is compatible with the results of earlier studies, namely that corneal grafts are protected from immune reactions during systemic immunosuppression. 4, 5 Perhaps the most extraordinary finding we made in this study was that a statistically significant difference remained between the two patient groups even in the long run regarding the occurrence of graft rejections (immune reaction-free graft survival after 35 months was 83% in the MMF group and 64.5% in the control group). The second interesting fact is that the immune reactions in the MMF group were weaker than those in the control group, as the number of irreversible graft rejections was considerably lower in the MMF-treated patients.
Both of these results might be explained by the development of some kind of immune tolerance for the grafts, induced by mid-term systemic immunosuppression. As MMF intervenes in the immune cascade at a later stage than do other immunosuppressive agents (eg, calcineurin inhibitors We observed no statistically significant differences in terms of clear graft survival (Table 3) . However, the percentage of graft opacification due to rejection was considerably higher in the control group. The higher incidence of graft failure due to epithelial problems or glaucoma in the MMF group is probably accidental and not caused by systemic immunosuppression.
The most common adverse events in the MMF group were arterial hypertension, gastrointestinal disturbances, hyperlipidaemia, infections, hyperglycaemia, and elevated liver enzymes. Arterial hypertension, elevated liver enzymes, and hyperglycaemia were the most common adverse events in the control group. It is difficult to define which adverse events are the side effects attributable to MMF, as most current data are based on solid organ transplantation studies with a combination therapy of MMF, CSA, and steroids. Arterial hypertension, hyperglycaemia, and hyperlipidaemia are most likely not the side effects of MMF. 35 The two malignant tumours may have been coincidental, given the short period between the start of systemic immunosuppression and detection of the tumours. Regarding the known high prevalence of prostate gland carcinoma, the tumours might have been existed and were detected, thanks to the intensive examinations during the study. However, we cannot exclude the possibility that systemic immunosuppression with MMF accelerated the tumour growth. According to some studies in solid organ transplantation, the risk of developing malignancies is not increased with MMF. 36, 37 In conclusion, systemic immunosuppression with 2 Â 1000 mg MMF improved rejection-free graft survival following high-risk keratoplasty statistically significantly even in the long run in this prospective, randomised, multicentre trial. Systemic MMF should be routinely administered following penetrating high-risk keratoplasty, as it is safe and effective in preventing corneal graft rejections.
